The biodegradation of the surfactant sodium dodecyltriethoxy sulfate by Pseudomonas sp., strain DES1 (isolated from activated sludge plant effluent) has been studied. Growth of the organism when the 35S-labeled surfactant was present as the sole source of carbon and energy led to the appearance in the culture fluid of five 35S-labeled organic metabolites. These have been identified as mono-, di-, and triethylene glycol monosulfates (major metabolites) and acetic acid 2-(ethoxy sulfate) and acetic acid 2-(diethoxy sulfate), authentic samples of which have been prepared and characterized. Evidence is presented that the major metabolites were produced by rupture of one or another of the three ether linkages present in the surfactant molecule, probably via the agency of a single etherase enzyme. Acetic acid 2-(ethoxy sulfate) and acetic acid 2-(diethoxy sulfate) were formed by the oxidation of the free alcohol groups of di-and triethylene glycol monosulfates, respectively, and increased in amount during the stationary phase of growth. Inorganic "S-sulfate also appeared in significant quantities in culture fluids and arose from the parent surfactant (presumably via the action of an alkylsulfatase) and not from any of the five metabolites. The appearance of sulfated organic metabolites during the exponential phase of growth and their quantitative relationship remained remarkably constant, even when additional carbon and energy sources (succinate or yeast extract) were also present in the growth media.
Long-chain alkyl sulfates (primary and secondary) and alkylpolyethoxy sulfates are of considerable commercial importance as components of detergent preparations. They are readily biodegraded by microorganisms in the environment, and in the cases of primary and secondary alkyl sulfates, biodegradation is initiated by primary or secondary alkylsulfatase enzymes possessing interesting properties and specificities (7) . The liberated alcohols can then serve as substrates for appropriate alcohol dehydrogenases (2, 3, 20) .
In contrast, little is known at the molecular level about the biodegradation of alkylpolyethoxy sulfates, although microorganisms in river water and in other mixed cultures appear to initiate the breakdown of the related nonionic alkylpolyethoxy alcohol (alkylpolyethylene glycol) surfactants by cleavage of the alkyl-ether bond (13, 14, 18) . Liberated polyethylene glycol moieties are subsequently degraded more slowly (6) . Alkyl-ether bond cleavage has also been observed with a pure pseudomonad culture, but the polyethylene glycol moieties were not further degraded (11) . Bacterial enzymes responsible for ether cleavage have not been studied, although ether-cleaving systems from rat liver (17) and the protozoan Tetrahymena pyriformis (12) have attracted some attention.
The present paper describes the pattern of production of sulfated metabolites from sodium dodecyltriethoxy sulfate [SDTES; C12H25-(OCH2CH2)3OSO3Na] during biodegradation by a pseudomonad isolated from sewage and establishes that the major pathway of biodegradation is different from those followed by primary and secondary alkyl sulfate surfactants. Unlabeled SDTES, [dodecyl-1-14C]SDTES (specific activity, 4 .2 Ci/mol, prepared as described by Taylor et al. [16] ), and dodecyltriethoxy alcohol were obtained from Unilever Research Laboratories at St. Denis, France, Sharnbrook, U.K., and Port Sunlight, U.K., respectively.
Thin-layer chromatography. Several systems were examined for their ability to separate the metabolites produced during the biodegradation of SDTES. These systems also serve to characterize authentic sulfate esters prepared as standards. Both silica-and cellulose-coated plates were used, with elution carried out in one or two dimensions with a variety of solvents denoted A to H (Table 1) . For one-dimensional chromatography, samples containing 500 to 5,000 dpm of labeled material were spotted on plastic-backed plates coated with either Silica Gel 60 (E. Merck, Darmstadt, FRG) or cellulose (Eastman Kodak Co., Rochester, N.Y.) and were developed in the appropriate solvent (8.5-cm run). In two-dimensional chromatography, samples containing 1,000 to 5,000 dpm of labeled material were spotted in the corner of a cellulose plate (6.6 by 10 cm) 1.5 cm from the adjacent edges. Plates were developed in solvent C for 5.0 cm in the shorter dimension followed by overnight drying at room temperature and development for 8.5 cm in the longer dimension in the second solvent (A, B, or E). Radioactive areas on developed chromatograms were located by radioautography with X-ray film (Kodak Ltd., Kirkby, Liverpool, U.K.).
For preparative work, cellulose powder (Whatman Ltd., Maidstone, Kent, U.K.) or Silica Gel G (E. Merck) were spread approximately 0.5 mm thick on glass plates (20 by 20 cm). Radioactive zones located by radioautography were scraped from the plate, and sulfate esters were eluted from the adsorbent with water.
Separation by two-dimensional thin-layer chromatography provided the basis of an assay method for individual "5S-labeled metabolites. After separation and radioautography, radioactive areas were scraped into plastic minivial inserts containing 0.6 ml of water. To each vial was added 4.5 ml of liquid scintillation fluid (4 g of 2,5-diphenyloxazole per liter of tolueneTriton X-100 [2:1, vol/vol]) before counting for 10 (Fig. la) . Glycol monosulfates. Monosulfate esters of mono-, di-, and triethylene glycol (see Table 1 for structures) were prepared by sulfation of the monosodium alkoxide of each glycol with triethylamine-SO3 complex. Unlabeled and 35S-labeled samples of the complex were prepared by the method of Cherniak and Davidson (4) . For radiolabeled material, chloro[l5S]sulfonic acid (2 Ci/mol) was used with a 20-fold decrease in scale.
For low-specific-activity glycol monosulfates, finely divided sodium metal (0.5 g, 21.5 mmol) suspended in 3 ml of dry toluene was added drop by drop to 86 mmol of the appropriate glycol in a 500-ml round-bottomed flask which was gently swirled. When all the sodium was consumed and the effervescence had ceased, triethylamine-SO3 (5 g, 27.5 mmol) dissolved in 10 ml of warm dioxane was added, and the mixture was stirred vigorously for 1 h with intermittent warming. Toluene and dioxane were evaporated, and the residue was dissolved in water and freeze-dried. The product was dissolved in 20 ml of water and was purified in two separate batches. To 10 ml of the solution was added approximately 50 ,ul of the corresponding preparation of crude 35S-labeled glycol monosulfate (see below) to facilitate detection during subsequent purification.
The solution was applied to a column of Dowex-1 (135 by 17 cm, HCO3 form) and was eluted at 1 ml/min with 100 ml of water followed by 500 ml of a 0.20 to 0.55 M NH4HCO3 concentration gradient. Fractions (12 ml) were assayed for radioactivity, and those constituting the major peak of radioactive material were pooled. The solution was freed from NH4HCO3 by adding Dowex-SOW cation exchange resin (coarse mesh, H+ form) followed by degassing. The filtered solution was adjusted to pH 9 with KOH and was freeze-dried. The resulting K+ salts of monoethylene glycol monosulfate and diethylene glycol monosulfate were recrystallized from methanol. Potassium triethylene glycol monosulfate which did not recrystallize from methanol was obtained by rotary evaporation of the solution.
To prepare completely unlabeled material, the remaining 10 ml of the crude glycol monosulfate solution was treated in a similar way, except that no "S-labeled material was added. Because the elution characteristics of the Dowex-1 column had been established with the "S-labeled material, the purified unlabeled material could be eluted by a batch procedure (100 ml of water followed by 300 ml of 0.4 M NH4HCO3). Overall yields were usually in the range of 15 to 30%.
Estimates of the carbon and hydrogen contents of (8) For high-specific-activity glycol "5S-monosulfates, the preparation method was similar to that described above, except that the scale was decreased approximately 100-fold and triethylamine-35SO3 (2 Ci/mol) was used. After removal of dioxane and toluene, each preparation was freeze-dried and redissolved in 0.5 ml of methanol. The solution was applied as a band onto Silica Gel G preparative chromatography plates and was developed in solvent C to separate sulfate esters from parent glycols (migrating at the solvent front) and inorganic sulfate (remaining at the origin). Radioactive bands were located by radioautography. Those corresponding to sulfate esters were scraped from the plate, and the esters were eluted with water. Samples were freeze-dried, dissolved in methanol, and applied to cellulose preparative chromatography plates. After development in solvent E and radioautography, the material in the major radioactive band was isolated in the usual way. The purity of each sample was checked by two-dimensional thin-layer chromatography on cellulose plates in solvent C followed by solvent E. Radiochemical yields were in the range of 50 to 75%.
Oxidized glycol monosulfates. Acetic acid 2-sulfate, acetic acid 2-(ethoxy sulfate), and acetic acid 2-(diethoxy sulfate) (Table 1) were prepared by direct oxidation of mono-, di-, and triethylene glycol monosulfates, respectively, with molecular oxygen and a platinum catalyst (10).
For material of low specific activity, pure glycol 35S-monosulfate (500 mg) of low specific activity was dissolved in 8 ml of 0.35 M NaHCO3 solution in which was suspended 500 mg of 10o platinum-on-carbon catalyst. Oxygen was dispersed into the solution at about 60°C for 12 h. After removal of the catalyst by centrifugation, the sulfate esters were freed from bicarbonate and converted to potassium salts as described for glycol monosulfates. The freeze-dried salts were dissolved in 5 ml of water and were applied to a column of Dowex-1 (11 by 1 cm, HCO3 form). The column was eluted (1 mllmin) with 40 ml of water followed by a concentration gradient of NH4HCO3 (300 ml, 0.225 to 0.45 M). Fractions (8 ml) were assayed for radioactivity. Small amounts of unreacted glycol monosulfates eluted at 0.2 M NH4HCO3, whereas the bulk of the radioactivity eluted at 0.35 M NH4HCO3. The latter fractions were pooled, freed from bicarbonate, and converted to potassium salts in the usual way. The conversion of glycol monosulfates to the corresponding oxidized glycol monosulfates proceeded to 80 to 90%o completion, although in the case of acetic acid 2-sulfate, final recovery was considerably lower than this because of its low solubility in methanol.
Infrared and NMR spectroscopic analysis of the dipotassium salts of oxidized glycol monosulfates clearly showed that the -CH2OH group of each glycol sulfate had been converted to -COOH.
For oxidized glycol monosulfates of high specific activity, a similar method of preparation was employed on an appropriately reduced scale. Oxygen was passed for 10 h through 2 ml of solution containing 0.075 M NaHCO3, 30 mg of catalyst, and 2 to 6 ,umol of radiochemically pure glycol monosulfate. The catalyst was removed by centrifugation and the solution was freeze-dried. The oxidized glycol monosulfate was extracted from the solid residue in warm dry methanol (or water in the case of acetic acid 2-sulfate) and applied in bands to Silica Gel G preparative thinlayer chromatography plates. After development in solvent D, radioactive bands located by radioautography were scraped from the plate and eluted with water. Radiochemical purities were checked by twodimensional thin-layer chromatography on cellulose plates with solvents C and E. Thin-layer electrophoresis of the three glycol monosulfates and their respective oxidation products showed that at pH 3.15 each pair migrated at the same rate, as expected for compounds of similar size and charge. At pH 7.6, mobilities of glycol monosulfates remained unchanged, but each oxidation product migrated 1.4 to 1.6 times as fast as its parent compound, thus confirming that oxidation had introduced ionizable -COOH groups. Finally, all six 35S-labeled sulfate esters together with SDTES and inorganic sulfate were used to develop and characterize thin-layer chromatography systems suitable for their separation. RFAobserved) values are reported in Table 1 . In many solvents, spots overlapped when all compounds were eluted together from a single spot. However, sequential elution in two dimensions on cellulose plates with solvents C then E, or D then E, or C then A, produced complete separation of all six compounds and of SDTES and inorganic sulfate.
Organisms MgCl2 * 6H20, 0.15 g/liter; NaCl, 0.50 g/liter; see reference 9).
All culture media contained basal salts supplemented with Na2SO4 (0.014%) and were fortified with various organic nutrients to produce the growth media Whole media were sterilized by autoclaving; no breakdown of the surfactant occurred. In most experiments, 500-ml Erlenmeyer flasks with side arms were each charged with 25 ml of medium. A Pseudomonas sp. DESI culture, grown to late log-phase on medium G, was used to inoculate flasks which were then shaken (100 rpm) at 30°C. Growth was followed by turbidity at 420 nm. Surfactant remaining at various stages during growth was estimated by the methylene blue-active substance test (1).
Methanol extraction of metabolites. In a few experiments, metabolites of SDTES biodegradation (with the exception of inorganic sulfate) were extracted from cell-free culture fluid by freeze-drying and repeated trituration of the residue with warm, dry methanol.
Isotope dilution analysis. Samples of methanol extracts containing mixed "5S-labeled metabolites were added separately to 2.5 g each of unlabeled potassium monoethylene glycol monosulfate and potassium diethylene glycol monosulfate. Each mixture was recrystallized from a minimum volume of boiling methanol. Crystals were separated and dried in vacuo, and a small portion (10 to 20 mg) of each crop was weighed, dissolved in 0.6 ml of water, and mixed with 4.5 ml of scintillation fluid for counting. The bulk of each crop was recrystallized, and the procedure was repeated until successive recrystallizations gave material of constant specific activity.
Warburg manometry. Pseudomonas sp. DES1 was grown in 75 ml of medium D for 40 h, and cells were harvested, washed in 50 mM NaH2PO4-Na2HPO4 buffer (pH 7), and resuspended in the same buffer. Oxygen uptake by the cells at 30°C was measured over a 2-h period. The main chamber of each Warburg flask was charged with 2.15 ml of cell suspension containing 2 mg (dry weight) of cells. Appropriate carbon sources were added to give a final concentration of 0.58 or 1.16 mM. Appropriate controls were made. RESULTS AND DISCUSSION Growth characteristics of Pseudomonas sp. DES1. Pseudomonas sp. DES1 was able to grow on Empicol ESB/3S (medium G) as the sole source of carbon and energy (Fig. 2a) with removal of more than 99% of surfactant activity. The maximum doubling time (early log phase) was less than 2 h. The organisms also utilized SDTES (medium A) as the sole carbon and energy source with a doubling time of 32 ± 6 h (Fig. 2a) . After exposure to the same medium for prolonged periods (150 to 200 h), the doubling time decreased to 5 ± 1 h (data not shown). This faster-growing form could be stored on minimal agar containing 5% Empicol ESB/3S for several transfers, but eventually it reverted. It reverted immediately on nutrient agar.
To obtain good growth of the slow-growing form over a convenient time interval, other (preferred) growth substrates were included in the media (one of succinate, yeast, glucose, or acetate). Diauxie occurred with initial rapid growth (occurring at the expense of the preferred substrate and 10 to 15% of the SDTES) followed by a second, slower phase (see Fig. 2b and c for experiments with yeast extract). The second stage of growth appeared to be considerably faster than growth in the absence of preferred substrates, although in fact the doubling times were similar. Virtually identical results were obtained with all the preferred substrates, and in most subsequent experiments 0.03% succinate was employed in association with 0.063% SDTES (medium C). Confirmation of the loss of alkyl chain came from experiments in which sulfated metabolites were extracted into methanol as described above. The methanol extract was dissolved in deuterium oxide, and the NMR spectrum of the resultant solution was compared with that of SDTES (Fig. 1) . The latter spectrum exhibited two well-separated sets of signals, namely those at relatively high field (8, 0.8 to 2.0) arising from protons in the C12-alkyl chain, and those farther downfield arising from the hydrophilic triethylene glycol monosulfate moiety. In the spectrum of the metabolite mixture, the alkyl chain resonances had virtually disappeared, but the glycol sulfate signals remained, albeit in a slightly altered pattern.
Complete resolution of the 35S-labeled metabolites in cell-free media was finally achieved on cellulose plates by using the two-dimensional system propan-2-ol-water (7: The collective evidence indicating loss of alkyl chain, coupled with the presence in the culture fluid of several metabolites still containing sulfur, strongly suggested the possibility that cleavage of the parent molecule had occurred with production of the monosulfates of mono-, di-, and triethylene glycols. Further metabolites could arise from these compounds by simple oxidation of free alcohol (-CH20H) groups. Accordingly, the decision was taken to prepare unlabeled and 35S-labeled samples of the six relevant compounds shown in Table 1 which could then be used as standards in the identification of metabolites. Two-dimensional chromatography and cochromatography with standards on cellulose plates in each of the solvent systems C then E, D then E, C then A, and C then B established the identity of the five organic metabolites as the monosulfates of mono-, di-, and triethylene glycols and of the corresponding oxidized sulfated di-and triethylene glycols. No oxidation of the free alcohol group of the monosulfate of monoethylene glycol had apparently occurred.
Further confirmation of the identity of two of the metabolites (monoethylene glycol monosulfate and diethylene glycol monosulfate) came from isotope dilution analysis. In the case of monoethylene glycol monosulfate, constant specific activity was obtained after the third recrystallization, whereas for diethylene glycol monosulfate, eight recrystallizations were required. In both cases, the final specific activities agreed well with the values predicted from the known relative amounts of each metabolite established by two-dimensional thin-layer chromatography of the methanol extract, scraping off the appropriate areas, and counting.
Triethylene glycol monosulfate was not amenable to this type of isotope dilution analysis owing to its high solubility in methanol. However, some additional confirmation of identity came during attempts to derive information from gas chromatography of trimethylsilyl derivatives of the mixture of metabolites present in methanol extracts. Sulfated metabolites were first freed from any possible traces of unsulfated glycols by anion-exchange chromatography and then subjected to trimethylsilyl derivatization. Gas chromatography of the product gave a number of peaks, one of which corresponded to that of triethylene glycol. Apparently desulfation of the corresponding sulfate ester had occurred during the attempts at trimethylsilyl derivatization.
Sequence of production of metabolites. The production of a variety of metabolites from a single surfactant raised questions about their relationships. First, was each metabolite formed directly from SDTES, or were the shorter compounds formed by chain shortening of their higher homologs? Second, were the carboxylcontaining metabolites produced directly from SDTES or by oxidation of glycol sulfates? Third, was inorganic sulfate liberated directly from SDTES, or from its metabolites, or from both? To throw light on these questions, the sequence of metabolite production during biodegradation of surfactant was examined.
All five sulfate ester metabolites and inorganic sulfate accumulated simultaneously in the medium (Fig. 3a) , and the appearance of each was linear with respect to SDTES disappearance; no obvious lag periods were observed (Fig. 3b) . At first sight, precursor-product relationships appeared to be absent, and this was consistent with the production of each metabolite directly from SDTES. Although there was little doubt that the glycol monosulfates arose directly from cleavage of ether bonds in SDTES, the possibility that carboxylic acid derivatives were also formed directly from ether linkages was still questionable, particularly in view of the difficulties encountered in measuring accurately the small amounts of oxidized glycol monosulfates present during the early stages of growth. To clarify this point, cultures were assayed well into the stationary phase when primary biodegradation of surfactant was complete (Fig. 4a) . In contrast to the exponential growth phase, the relative amounts of some metabolites now began to change. In particular, there was a decrease in triethylene glycol monosulfate and a corresponding increase in the oxidized form of this compound, although the sum of their amounts was constant (Fig. 4b) . A similar situation was observed during stationary phase after growth of the bacteria on medium G to which [35S]SDTES had been added (Fig. 4c) . In this case, the disappearance of triethylene glycol monosulfate and the concomitant production of its oxidation product were accompanied by a similar (though more pronounced) behavior for diethylene glycol monosulfate and its oxidation product. As before, when metabolites were grouped according to whether they contained either two or three ethylene glycol units per molecule, the pools of compounds derived from di-or triethylene glycol remained constant throughout the stationary phase (Fig. 4d) . Levels of monoethylene glycol and inorganic sulfate also remained unchanged. Clearly no chain shortening had occurred after the initial cleavage of the surfactant, and the ethylene glycol framework of each metabolite was derived directly from SDTES. However, precursor-product relationships were evident between metabolites possessing the same number of ethylene glycol units, and Fig. 4a and c strongly suggest that oxidation of the free alcohol groups in di-and triethylene glycol monosulfates was indeed the main route to the corresponding carboxylic acids, at least in the stationary phase. Fig. 3a and 4a) , indicating that ions were liberated only from the surfactant and not from the organic metabolites. This interpretation was confirmed when three separate cultures of Pseudomonas sp. DESI were maintained for 400 h on medium G to which had been added the 35S-labeled monosulfate of mono-, di-, or triethylene glycol. In none of these experiments did inorganic 35S-sulfate appear in the growth medium.
Primary biodegradation of SDTES by Pseudomonas sp. DES1 therefore involved the action of (i) one or more sulfatase enzymes and (ii) one or more ether-cleaving enzymes. By analogy with the well-characterized alkylsulfatases of Pseudomonas sp. C12B (7), the sulfatases may be expected to liberate the free alcohol and inorganic sulfate. The ether-cleaving activity (hereafter referred to as an etherase activity) produced glycol sulfates, but the precise nature of the coproducts is less certain. Of the three potential routes for the primary biodegradation of SDTES (i.e., removal of sulfate, ether cleavage, w-oxidation), only the first two are used by Pseudomonas sp. DES1. This contrasts markedly with the situation in mammalian organisms (rats), where the principal route for the degradation of SDTES involves woxidation followed by p-oxidation (16) . In both cases, sulfated glycol residues persist. However, work to be published elsewhere will show that in environmentally relevant situations (e.g., sewage treatment plants, river waters), glycol sulfates do not persist. Evidentally, such compounds are used as sources of carbon, energy, and sulfur by other microorganisms in mixed cultures. The enzymic mechanisms involved in the further biodegradation of these sulfated fragments remain to be elucidated.
